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ELECTRO-OPTIC  EFFECT  Til  THE  PESO  ACOn:^TO-OPTIC  MODTTLATOF 

Tai  Renzhong,  Lu  Futun,  Yuan  Shuzhong,  Ouan  Xin'an,  and  Li  Bi.ng; 
all  of  Institute  of  Modern  Optics,  Nankai  ilni'/ersi tv  ■  Tianjin 
3C071 


'  Asstsact 

With  the  dieory  of  one-^imeosiotul  approximatioo*  combiaed  with  the  boundary  condi¬ 
tions,  an  inhomogeneous'  electric  Held  is  derived  from  the  foundamental  equations  of  pieosoeiec- 
tric  effect.  This  inhomogeneous  jdectrk  field  will  lead  to  generation  of.  **electric  gating**,  and 
‘'high-order  grating**  can  also  appear  owing  to  coupling  betwm  "electrie  gradng**  and  “acour* 
tie  grating”.  Linear  electro-optic  effea  in  PESO  modulator  is  helpful  to  the  diffraction  and 
modulation  of  the  incident  light  beam.  The  expetlmental  results  verify  oor  conclusions. 


I.  Tntrcductory 

The  diffracfiou  eff'Iciency  and  modulation  depth  of  '-he  dvso 
stationary  ’>7ave  type  acousto-optic  Tn.odulatcr  are  very  high.  Turi 
et  al  [1]  analyzed  the  angle  of  energy  production;  they 
discovered  that  this  modulator,  which  integrates  transducer  and 
acousto-optic  interaction,  cran  utilize  electric  power  supply  at 
high  efficiency.  In  other  words,  the  effective  electro-acoustic 
transformation  efficiency  is  very  high,  thus  promoting  a  higher 
modulation  percentage.  In  this  case.,  consideration  is  giv.eh  on’’ y 
to  the  acoustic  grating,  not  to  the  effect  of  electric  field. 
Meanwhile,  when  Turi  et  al  determined  the  optimal  diffraction 

crystal, 


orientations  of  LiNbO. 


and 


~,ro  tlT'}ta'=30''  and  theta=90^ .  Along  these  two 
orientat:ons.  th<r  electro-optic  effect  is  restricted  to  the 
ma::i  mm  ewt  en t  (A»„  -  An,  —  and  —  A*;  —  Ah,  ;  A*.  and  A/;;(»-- 1 ,2) 

are  variations  of  acousto-caused  and  electro-caused  refractivity 
of  the  principal  axis) .  However,  as  research  shovTed,  this 
electro-optic  effect  of  Y.o  or  Y,(,o  in  a  piezoelectric  crystal  is 
not  a  disadvantageous  factor.  The  constant  of  the  accusto-ontic 
grating  produced  by  a  piezoelectric-induced  acoustic  stationary 
wave  is  identical  to  the  constant  of  the  primary  grating  caused 
by  the  inhomogeneous  distribution  of  electric  field.  Both 
constants  have  a  positive  promoting  function  to  diffraction  and 
modulation  of  an  incident  light  beam. 

II.  Theoretical  Analysis 

In  the  rectangular  piezoelectric  resonator  as  shown  in 
Fig.  1,  there  are  quite  a  few  intrinsic  sound  inodes  [?.]  .  When 
the  e.xternal  driving  frequency  is  the  intrinsic  frequency,  an 
intrinsic  mode  will  be  set  in  oscillation.  Generally,  it  is  very 
complex  to  precisely  solve  for  these  intrinsic  modes.  Thus,  for 
convenience  in  analysis,  the  one-dimensional  approximation  theory 
[3]  of  R.’.stic  thin  sheet  resonator  is  adopted.  In  order  to  adapc 
this  theory  to  LiNbOi  crystal  of  Y^o,  the  following  assumptit)ns 
are  made  (all  these  assumptions  were  experimentally  validatrd) . 

1;  crystal  width  v  is  greater  than  the  crystal  thichress  1 
(in  experiments, 

2)  squeezing  along  the  x-direction,  eliminate  the 
polarized  shear  wave  ^S-  wave);  and 

3'  squeezing  along  the  z  direction  for  nonilliimir.ated 
portion,  reduce  as  much  as  possible  the  z  polarized  shear  wave 
'  wa  ve';  . 


Fig.  1.  Schematic  Diagram 
of  Pi ■^‘eoelectric  Re.oonator 
(Mg-doped  LiNbO-.  crystal) 

,  y  and  z  axes'  and  X,  Y 
and  X  crystal  axes 


At  the  same  time,  Turi ' s  investigation  further  indicated 
tljat  the  attenuation  of  sb.ear  wave  is  much  greater  than  the 
attenuation  of  the  longitudinal-direction  wa •■e  .  Tlrer ef ore  ..  at 
the  steady  stats,  the  main  effect  on  diffraction  of  the  inciden'^ 
light  beam  i.s  caused  by  the  acoustic  longitudinal  wave. 


Based  on  the  foregoing  conditions,  the  y-axis  can  be 
approximately  considered  as  the  direction  of  the  pure-mode  axi.s: 
thus,  the  one-dimensional  approximation  can  be  adopted.  In  othe 
words,  all  the  various  related  field  quantities  at'a  functions  of 
coordinate  y  and  time  t.  Thus,  the  equations  of  piezoelectric 
characteristics  can  be  simplified  as  follows: 

Tj  ■■  Cu5j  —  (O 

Di  "  f  jjJ,  +  (2) 

In  ths-  -equations,  T-  is  stress;  E»cD-.  are,  respectively,  vectors 
of  electric  field  and  electric  charge  displacement.  C'-,  i;-  the 
coefficient  of  elasticity  of  the  medium  in  the  absence  of  an 
electric  field.  s'n  is  the  dielectric  coefficd.ent  of  the  mediu.m 
in  the  absence  of  deformation:  Ot-  i.s  the  oiezoelectric 

it  * 

coefficient.  Strain  S.  can  be  expressed  as 

(3> 

dy 

In  the  equation,  i.u  is  the  magnitude  of  translation  of  particles 


'in  t-he  nedlun)  along  th>2  y  arris. 
cont'?.n'v*)vi.=  is 

dTJdy 


Newton's  Second  Law  in  a 

fimd^utld^,  (4> 


Tn  the  eq\iation .  rho,  i;--'  Mie  density  of  the  mediur..  In  the 
quasi-electric  field  approximation,  the  electric  field  E,  c'ln  b'-^ 
'--pressed  as 


Bt 


ay* 


(5> 


Phi  is  the  distribution  of  electric  potential  in  the  medium .  The 
movement  equation  of  the  electromagnetic  field  can  take  on  the 
form  of  static  electric  field  equation  nabla  D=0,  tha't  is 


dP, 

9f 


-0. 


(6> 


The  current  density  of  displacement  is 

9D 

dt  • 


(7> 


Eqs .  H)  through  (7)  constitute  the  fundamental  equations  of 
the  piezoelectric  effect.  In  the  simultaneous  equations  (1) 
through  (6),  we  have  the  wave  motion  equation  in  the  following 
form 


Pm' 


-  cf,(i  +  #y 


(8> 


The  sine  solution  of  this  wave  motion  equation  is 

•H  —  AfopC/(a»,»  —  /?,y)]  +//«?[;(»,»  +  ^,y)],  (9> 

omega.,  is-  the  resonant  frequency;  "■/I'i  is  the  acoustic 

propagaJ  Ion  cons.-ant  of  medium:  v.  is  the  speed  of  sound. 

M  and  N  are  constants  to  be  determined;  both  constants  are 
related  to  the  boundary  conditions.  From  Eq.  (9),  in  the  case  of 
lim.ited  thickness  of  the  piezoelectric  zone,  two  terms  in  the 
equation  should  exist  simultaneously;  that  is,  the  acoustic  wave 
exists  in  the  form  of  a  stationary  wave.  Considering  that  all 
field  quantities  vary  according  to  ezpCica.i]  ,  the  time  term  can 
be  neglected.  Then  the  oscillation  velocity  v^(y'  can  be  written 

‘'iCy)  ■" ■+•  ATcoi^.y],  (10) 


--  d 


Assnrpft  fhnt  the  oscillation  veloci 
'vv  known  then  M'  :\nd  M’ 
twr  ^q’vations  as  follows 

»i(0)  - 

“  /"■ 


“io'.3  (of  two  thin  elect rc'i 
can  b-'  fie from  'b 


lit  +  In' eotfi^d]. 


0i> 


Fr-'in  Eq.  (")  . 
be  expressed  as 


the  dis-pTaoein-nt  'virrent 

^  "  jat^DiA  —  J,A^ 


in  the  modinm  ’"n 

(12) 


A  is  the  at'ea  of  electv'''de  .  ;»a^i  is  rhe  li  so'. ';c -•nent  curr'^nt 
density  in  the  piezoelectric  body.  J.  is  the  density  of  . 
conduction  current  in  metal  electrode.  Thus..  Di  0  .:  it  i.s  not 

related  to  y  in  the  piezoelectric  zone.  That  is 

B;=constant=  ’  1(13) 


From  simultaneous  equations  (1) .  (2)  and  (10)  through  (13' . 

the  electric  field  distribution  and  stress  distribution  in 
piezoe' ec^’ric  medium  can  be  obtained  as  follows, 

-  Arnn/?.y],  (14) 

T|(y)  -  -hJtfjw^A  +  CPfiJjw^iii' cotfi^d  -  Ardnjff.rfl/o).,  (15) 

Tn  the  above-mentioned  equations,  constant  *  ea/«f,  and 
elastiri+'y  coeffied  ent  (of  piezoelectric  medium.^  C®  Cfj(l  +  fai/Cfi8fi) 
are  introduced. 


Considering  the  fo.llowing  conditions  in  the  er-rperimen'^  ,  i'h.e 
thin  sheet  resonator  i.s  air  loading,  and  the  metal  electrode 
layer  is  infinitely  '’hin  (thickness  d' d"),  therefor'i 

ri(o)  -  r,(<f)  -  0,  (16) 

(17) 

In  simultaneous  equations  (1)  through  (3)  and  (IJ)  through  (17',- 
the  ti.me  terms  are  neglected.  By  introducing  the  aiechanical 
electric  coupling  factor  #V(Cfi  •  «fi)»  finally  the  di.s  trihuticas 
of  electric  and  acoustic  fi.elds  in  resonat.or  cavity  are 


5 


»««fida 


S.G)  -  i 


r.da^ 

2 


co»t/f»(^/2  —  y)]. 


(19) 


Th’-is .  i>:  i  ~  app-^i* t^nt;  thaf'  the  ?icoustic  wave  field  (and 
strain  field)  in  the  pie:;oelectric  resonator  cavity  e:-:ists  in  'h 
fov’n  of  a  static-nary  wave.  Thi^  electric  field  can  be  divide 
into  two  portions:  the  fir.st  tern  is  the  homogeneous  •  fi  eld  "-i 
oniy  varying  polarization  of  incident  light  without  producir-.; 
diffraction  effect;  the  other  term  is  the  inhomogeneous  portion. 
The  result  of  the  electro-optic  effect  will  lead  to  an 
inhomogeneous  refraction  indee:  in  space,  thus  producing  electric 
grating  to  Cciuse  the  incident  light  to  undergo  diffraction,  end 
producing  the  same  effect  as  the  acousto-optic  grating. 


Because  of  the  simultaneous  existence  of  the  acousto-optir 
grating  and  electro-optic  grating  in  resonant  crystals,  a 
coupling  effect  will  certainly  occur.  This  coupling  effect  can 
be  considered  through  a  simple  iterative  method.  From  the 
phf'tc-eiisstio  effect,  we  knox>7 


A(l/»*).  -  P..5. 


(20) 


P.n.  ir.  photcelastic  sen.sor:  S.,  is  strain.  With  respect  to 
incident  light  beam  wf  polarization,  from  two  equations  (19^ 
anti  '201,  the  ’’’ariation  of  refr  iction  index  caused  by  the 
acoustic  -Stationary  wave  is 


Afiu  "  ~  flip  II 


»,$ui 


«»[/?,  (rf/2  —  y)], 


(21) 


In  the  equation,  n,  .is  the  magnitude  of  refractive  index  of 
incident  light  in  the  absence  of  an  electric  field  and  an 
acou-stic  field  existing  in  the  crystal.  Thus,  the  distri.bu t 
of  cT-i,'.  retva,-ti'.o-  inile  *  in  the  medium  caused  by  the  acoisto-.  p--- 
effect  is 


«i(y)  —  «•  +  ~  -L  - !L^eott^,(<//2  —  y)], 

<;  2 


(22) 


Tn  ’  equation.  «  1,  With  c'^n'^idorai-i  on  ,  in  the  'Ti‘-;rin’'rh.'M  . 

giv-M'.  the  portion  of  inl:oi'..ogeno  '.ir  oleoti-ic  field  in  ^hv 
second  term  of  the  right  side,  we  o-btoin  the-  following  fT'oo:  ^•1- 
pi'i''>orv  ele'’tro-'-'ptic  effect 

<23) 

Ui  is  the  primary  electro-optic  co- f^-i  c.:  en i-  of  the  cryst:.l. 
Considering  that  the  incident  light  is  in  x-oo'^  nrization ..  V'r 
ob^o’n  the  following  after  further  differentiation 

(20 

Because  of  the  existence  of  the  acousto-optic  effect,  at  this 
tiro  11^  is  not  '«•.  First,  primary  iteration  is  used;  let  », 
approximately  equal  to  n.Cy),  Substitute  Eq.  (22)  into  the  abo"?- 
equ-Htion;  by  retains n<j  the  first  two  terms  of  the'  rt’.Cy) 
development  equation,  we  obtain  the  variation  of  the  refractive 
index  cau.sed  by  the  electro-optic  effect 

Aiiu  -  eos[^.(rf/2  -  y)] 

2 


+  i-«JraPu - ^ai^co.C2/?.(rf/2  -  y)]. 

2 


(25) 


At  that  time,  the  distribution  of  the  v.-.rfractive  in-lex 
crystal  1? 

«•■■««  +  Aii^  +  Ajfu, 


in 


C26) 


Censidering  the  secojui  i^'eration.  that  ic 

applying  |^i2iyj<i.to  again  insert  F-g.  (261  i--to  Eq .  (24),  ‘:;v 

obta-in  the  *more  precise  variation  rf  rf*f  f^cti ve  index  cause- 

the  electro-optic  effect. 


Afitf 


- eo*[i?«(4//2 


y)l 


+  -f-  r„(Pu  +  2l~co.[2^.(^/2  -  y)] 

«  '  «u/  •JVjdniCaS 

2 

-  ^  ^  CO.  [3^.(^/2  -  y)]. 


(27> 


TIT.  Thi-roretical  Computation  and  Analysis  of  Experimental  Results 

1.  From  Eq .  (27) ,  we  can  see  the  following:  because  of  the 

coupling  between  the  acoustic  grating  and  the  electric  grating, 
the  result  of  the  primary  electro-optic  effect  leads  to  the 
production  of  the  primary  grating  (i.e.,  grating  constant  i,  —  2jr//#«), 
and  production  of  secondary  grating. 

(i;  -  2*/2/?.  - 

and  tertiary  grating  that  is,  the  two  last  terms  at 

the  right.-hand  side  of  Eq .  (27).  Comparing  Eqs .  (27)  and  (21), 

the  constant  of  primary  grating  is  the  same  as  the  constant  of 
acoustic  grating;  both  constants  are  i,  —  2*/^»»  .  Therefore,  the 
equivalent  acoustic  grating  can  be  used  in  the  illustration  as 
seen  froa,  the  following  relation. 

Afl|  “  “■  '“*■  U  - ”  y)]f  ■ 

2  (28) 

.2  :  . 

In  the  equation,  "■  .+ is  called  the  equivalent 

photoelasticity  coefficient.  After  inserting  various  parameters 
of  LiMbOi  crystal,  we  obtain  ?u**0.n  .  From  readily  available 

texts  on  piezoelectricity,  —  0.072,  It  is  apparent  that  the 
result  of  the  electro-optic  effect  resembles  increasing  the 
photoelasticity  coefficient.  This  also  explains  the  reason  why 
the  difft'action  efficiency  of  the  PESO  acousto-optic  modulator  is 
somewhat  due  to  the  acousto-optic  effect.  Fig.  2  shows  a 
diffraction  diagram  of  He-Ne6328A  spectral  lines  with  the  PESO 
acousto-optic  modulator  (Mg-doped  LiNbO.  crystal).  In 


3 


exp?r\nenl::s , 
only  1 


the  t,  11  levr*!  is  shown  but  the  driving  no'-if-*'  is 
thus  accounting  for  the  high  diffraction  ef oirocy . 


Fig.  2.  He-Ne«32gA  Raman-Math 
Diffraction  Diagram 

P.-8OMH1 


2.  When  the  driving  povrer  is  increased,  the  secondary  and 
tertiary  gratings  will  also  have  certain  function.  The  secondary 
grating  comes  from,  the  coupling  of  electro-acoustic  grating,  and 
also  from  consideration  of  the  secondary  electro-optic  effect  of 
the  crystal 

A  ■■  RiUfS^Bit  (29) 

In  the  equation,  Rmi  is  the  secondary  electro-optic  coefficient. 
After  insertion  into  Eq.  (18),  the  variation  of  refractive  inde'-: 
caused  by  the  secondary  electro-optic  effect  is  obtained. 

2 

-  ^  +  Bcost/7.(rf/2  -  y)]  +  Ccot[2^.(rf/2  -  y)],  (30) 

A,  B  and  C  are  constants  not  related  to  coordinate  y  and  time  t. 
We  can  see  that  the  resi,ilt  of  the  secondary  electro-optic  effec:t 
is  also  the  production  of  the  secondary  grating.  F.rom  the  Raman- 
Mai.h  diffraction  angle,  we  know 


(m  —  0,1,2, •••)» 


(31) 


^,he 

of 


In  the  equation,  i|  is  the  wavelength  of  incident  light:  is 

grating  constant.  Thus,  the  diffr.action  angle  of  three 
grating  can  be  obtained  as  follows. 

.  „  (prir’ary  grating) 

sma  — ■  mX^I  I,, 

Sins' (secondary  grating) 
dn^'  -  ^  terti  ary  grati  ng) 

(m  —  0,1,2, 


Thus,  the  first-order  diffracted  light  of  the  second.?ry  grating 
is  second-order  diffracted  light  of  the  primary  grating^. 

However,  the  first-order  diffracted  light  of  the  tej'tiary  grating 
is  the  third-order  diffracted  light  of  the  primary  grating.  In 
other  words,  diffraction  light  spots  emitted  from  the  PESO 
modulator  is  the  result  of  superimposing  three  types  of  grating 
diffractions.  The  spacing  of  the  diffraction  spots  for  the 
secondary  grating  is  twice  the  spacing  of  d5  ffraction  spots  for 
the  primary  grating;  it  is  threefold,  in  the  case  of  the  tertiary 
grating.  The  function  of  the  secondary  grating  is  to  increase 
the  diffraction  energy  of  the  second,  fourth,  and  .so  on  order.s; 
the  function  of  the  tertiary  grating  is  to  increase  the 
diffraction  energy  of  the  third,  sixth,  and  so  on  orders.  Thi.i.s , 
it  can  be  expected  that  the  function  of  multiple  typos  of 
gratings  will-  lead  to  greater  relative  intensity  for  the  secnnd- 
and  third-order  diffracted  light  over  the  relative  intensity  of 
the  second  and  third-order  diffracted  light  c-f  "pure  sound  and 


light"  Raman-Math  diffraction.  Fig.  3  shows  a  dif f raf.-tion 
diagram  with  a  power  supply  of  approximately  2  watts .  Wo  can  se;? 
that  result  of  diffraction  for  three  types  of  grating  is  to  have 
very  similar  light  intensities  of  the  three  previous  orders .  Of 
course,  further  higher  grating  orders  exist  in  crystals;  this  can 
be  obtained  from  the  third  iteration  to  even  higher-order 
iteration;  however,  their  function  is  much  more  powerful  than  the 
three  previous  grating  orders.  Fig.  4  shows  an  experimental 
curve  of  relative  intensities  of  various  levels  of  diffraction- 
light  .  For  easy  comparison,  the  relative  intensity  curve  of 
various  orders  of  Ram.an-Math  diffraction  light  for  pure  acoustic 


10 


light  was  plotted,  as  shown  by  the  dotted  curve  in  Fig.  4.  Both 
curves  (solid  and  dotted  curves)  have  apparent  deviation;  the 
solid  curve  is  located  hiaher  than  dotted  curve,  thus  verifyina 


the  above-mentioned  conclusion. 


(321 1 

Fig.  3.  '- 

Diffraction  Diagram 


V.  -  tOMHt 


Fig.  4.  Theoretical  and 
Experimental  Curves  of  Relative 
Intensities  of  Various  Orders 
Raman-Math  Diffracted  Light 


The  paper  was  received  for  publication  on  24  June  1991. 
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C513  ARRADCCM  1 
C535  AVRADOC^VTSAROCM  1 
C539  TRASANA  1 
Q592  FSTC  4 
Q619  MSIC  REDSTCaJE  1 
Q008  NTIC  1 
Q043  ATMIC-IS  1 
E051  HQ  USAF/INET  1 
E404  AEDC/DOF  1 
E408  AIWL  1 
E410  AFDTC/IN  1 
E429  SD/IND  1 

POOS  doe/isvddi  1 
POSO  CIA/OaVADD/SD  2 
1051  AFTT/UDE  1 
P090  NSA/CDB  1 
2206  FSL  1 


Microficiie  Nbr:  FrD94C000467L 
NAIC-ID(RS)  T-0395-94 


